and (111) crystal surfaces. Our findings suggest a key role for the mobility of interfacial Li-atoms in determining the morphology of dendrites at temperatures above the onset of surface reconstruction: T SR E 0.65
Introduction
Portable electronic devices and intermittent renewable energy sources demand high-capacity, reliable, long-lasting electric energy storage units. [1] [2] [3] The low mass density (0.564 g cm
À3
) and high reduction potential (E 0 = À3.04 V vs. SHE) of lithium metal (Li 0 ) should make it the ideal electrode material. [4] [5] [6] [7] [8] , however, is exceptionally prone to grow dendrites under the far from equilibrium conditions prevalent during electrodeposition. 4, [9] [10] [11] [12] [13] [14] [15] The runaway growth of metallic dendrites is the harbinger of short-circuiting, overheating, and ultimately the ignition of the organic solvents used in Li 0 batteries. 16 Intense efforts are therefore underway to prevent such hazards by limiting dendrite growth during battery charging. [16] [17] [18] [19] At present, efforts aimed at controlling Li 0 dendrite growth remain semi-empirical because its mechanism is not fully understood. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] Models fall short of capturing the complex dynamics of dendrite inception and growth, 21, 34, 35 or accounting for the peculiar facility of Li 0 to grow dendrites relative to other potentially useful 1st-and 2nd-period metals. [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] In our view control strategies should consider that dendrite growth is a nondeterministic stochastic process, [46] [47] [48] [49] [50] [51] After charging, batteries were removed from the glovebox for the acquisition of high-resolution digital images of the electrodeposits by means of a Leica 205FA microscope. The digital images of the three equiangular 1201 sectors of the curved peripheries of the cylindrical cells were then projected onto a flat surface as described in our previous publication. 59 Forty five equidistant dendrites were selected from the projected images and sorted into [n i ,l i ] bins within specified length ranges l i . From this information we evaluated normalized average lengths, l, defined by eqn (1):
that properly quantify the growth of dendrite populations generated by a stochastic process. The experimental [n i ,l i ] distributions are shown in Fig. 2 . Fig. 3 shows plots of average lengths l versus cathode temperature T À . Model calculations were based on our recently developed coarse-grained dynamical Monte Carlo (CG-MC) framework. 46, 63 The core 2D CG-MC algorithm calculates the combined diffusional and migrational Li + displacements using temperature dependent Li + diffusion coefficients, D + (T), and mobilities, m + (T), under local electric -E(x, y,t) and temperature T(x, y,t) fields (x and y are the parallel and perpendicular coordinates to electrodes surfaces) (see below). D + (T) is assumed to follow an Arrhenius temperature dependence, eqn (2):
From which we evaluate m + (T) by using the Stokes-Einstein relation, eqn (3):
k B is Boltzmann's constant, N is Avogadro's number, e the elementary charge, and E Z = 13.5 kJ mol À1 the experimental activation energy derived from viscosity Z(T) data for the PC solvent (Table 1) . Temperature T(x,y,t) and electric field -E(x,y,t) profiles were evaluated by finite-differences integration of the corresponding 2D Laplace's equations as described in our recent publication (see ESI, † for details). 46 The surface of electrodeposits was set at T À and V À throughout, on account of the high Li 0 electrical and thermal conductivities. CG-MC simulations were run in a [L* Â L*], L* = 16.7 nm, domain that approximately corresponds to the thickness of the depletion layers where the relevant events take place in this system (see Table 1 The rationale for such scaling has been described in a previous publication from our laboratory. 46 Since the Dt = 0.25 ms simulation time-step is much longer than the ps timescale of ion-ion collisions, Li + ions positions -r i (t) were computed from average displacements given by eqn (4):
where -g is a random unit vector, and probability under the applied overpotentials. The actual parameters used in the simulations are listed in Table 1 (see below) . Further details can be found in our previous publication. 46 Since dendrites tips are intrinsically metastable formations possessing excess surface free energy relative to flat Li 0 crystals, 64, 65 they should eventually relax via Li 0 -atom diffusion into interfacial sites of lower curvature/higher connectivity at sufficiently high temperatures. 66, 67 This relaxation process was incorporated into our model calculations by releasing Li 0 atoms with probabilities p R (T) given by eqn (5):
R is an adjustable dimensionless pre-factor and DE ‡ R is the effective activation energy for Li-atom hopping on our dendritic electrodeposits. The pre-factor was selected such that relaxation rates were competitive with deposition rates. We found that the temperature dependence of the l(T) calculated in this manner was not overly sensitive to the value of the pre-factor, as long as the above condition was satisfied. At each integration step, Li . Calculated dendrite heights were quantified by dividing the x-axis in four sectors. Here, 'dendrite height' in each sector is the height of the uppermost Li 0 defined by eqn (6):
where l i is dendrite height,x k the individual atoms coordinates in sector i, n is the total number of lithium atoms incorporated into the dendrite in the corresponding sector and j is the unit vector in y direction. To ensure good statistics, each simulation was run 10 times. From this information we evaluated l values for comparison with experimental ones. Fig. 4 shows typical snapshots of calculated dendrites at three T À values. In Fig. 5 computational l values calculated by excluding and including surface relaxation are compared with experimental l ones. Our experimental results show that keeping the cathode warmer than the surrounding solution does inhibit dendrite growth. We have recently shown that the positive feedback underlying runaway dendrite growth is due to the fact that Li + electromigration in the strong electric fields developing around high-curvature dendrite tips outpaces Li + diffusion to flatter regions. 58 Since D + and m + increase exponentially with T, and the electrolyte filling concave pockets is significantly warmer than the layers surrounding dendrite tips (Fig. S1 , ESI †), we 
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expected that the application of negative temperature gradients to the cathode would enhance diffusionally-limited current densities to concave regions relative to dendrite tips. In other words, we expected that model simulations of the relatively faster Li + electrodeposition on cathode regions surrounded by warmer electrolyte layers would account for our experimental findings. The results of GC-MC simulations (Fig. 5 ) dispelled our simplistic expectations. The reasons are that the D + (T), m + (T) dependences originating from E Z = 13.5 kJ mol À1 (Table 1) are not only halved into diffusional l(T) displacements, but they are also attenuated by the competition between ion diffusion and electromigration in the nonlinear T(x,y,t), -E(x,y,t) and [Li + (x,y,t)] fields surrounding the irregular Li 0 deposits (Fig. 4) . Thus, the results of Fig. 5 in effect implicate the participation of a process having a stronger temperature dependence that that associated with Li + transport in the electrolyte solvent. It was found that we could match the experimental l(T) temperature trends by including the thermal relaxation of Li 0 dendrites, as simulated by the process described above, with DE ‡ R E 20 kJ mol
À1
. The possibility that the formation of an insulating solid-electrolyte interfacial layer (SEI) could be responsible for our observations in apparently negated by the fully reversible galvanostatic curves we previously registered in this system upon successive charge-discharge cycles. 59 A transition state theory (TST) analysis of atom diffusion in metallic solids provides a physical interpretation of our findings. [68] [69] [70] The TST expression for the diffusion coefficient D TST of Li-atoms on the surface of Li 0 metal is given by eqn (7):
where a = 3.49 Å is the lattice constant, 52 h is Planck's constant, and DS*, DE* are the activation entropy and enthalpy of the process. Thus:
at T 1/2 = 318 K, the mean temperature in our experiments. By assuming that the shortening of dendrites at higher temperatures is due to Li-atom diffusion from dendrite tips to sites of higher coordination, we interpret that relative DlðTÞ ¼
T¼21 C experimental decrements (from Fig. 2a Fig . 5 Arrhenius log l vs. 1/T plots. Red circles: experimental l data obtained at 16 mA h (Fig. 2a) ; Green downward triangles: simulated l by excluding dendrites relaxation. Blue upward triangles: simulated l by including dendrites relaxation. Lines are linear regressions to the data. Simulated data (green and blue points) were pinned to the experimental value (red) at 21 1C to help visualize slope differences.
